ABSTRACT A theoretical analysis of monocyclic cascade models shows that the steady-state fraction of covalently modified interconvertible enzyme is a function of 10 different cascade parameters. Because each parameter can be varied independently, or several can be varied simultaneously, by single or multiple allosteric interactions of li ands with one or more of the cascade enzymes, interconvertible enzymes are exquisitely designed for the rigorous control of key metabolic steps.
a greater number of allosteric stimuli, they exhibit greater flexibility in overall control patterns, and they can generate a greatly amplified response to primary allosteric interactions of effectors with the converter enzymes. Contrary to earlier views, the decomposition of ATP associated with cyclic coupling of the covalent modification and demodification reactions is not a futile process. ATP decomposition supplies the energy needed to maintain concentrations of modified enzyme at steady-state levels that are in excess of those obtainable at true thermodynamic equilibrium. An important mechanism of cellular regulation involves the interconversion of active and inactive forms of key enzymes in metabolism by the cyclic coupling of covalent modification and demodification reactions. To date, three types of covalent modifications are known to be involved in enzyme regulation. They are: (a) the phosphorylation of seryl residues (2); (b) the nucleotidylation of tyrosyl residues (3); and (c) the ADP-ribosylation of arginyl (4) or other unidentified sites on the enzymes.
In each instance, covalent modification of the key enzyme is catalyzed by a "converter" enzyme; i.e., the modification involves the action of one enzyme upon another. Therefore, interconvertible enzyme systems are in effect bidirectional (cyclic) cascade systems.
Compared to other regulatory enzymes, interconvertible enzymes can respond to a greater number of allosteric stimuli, they exhibit greater flexibility in their control patterns, and they possess enormous amplification potential in their responses to variations in allosteric effector concentrations.
We present here the results of studies on monocyclic cascade systems, which are patterned after the phosphorylation-dephosphorylation cycles that are involved in the regulation of mammalian pyruvate dehydrogenase (5), phosphofructokinase (6) , and tyrosine aminotransferase (7) activities.
A subsequent paper (8) is concerned with the results of studies on bicyclic cascades of the type involved in the regulation of Escherlchia coli glutamine synthetase (3), mammalian glycogen phosphorylase (9) , and glycogen synthase (10) , and also of more extended, multicyclic cascade systems. Fig. 1 Multiple patterns of monocyclic cascade control The monocyclic cascade system discussed above is one of many patterns that are possible, depending upon the nature of the interactions between the allosteric effector el and e2 and the converter enzymes E and R. With the restriction that E must be activated by el, there are four unique patterns that can occur in the covalent modification systems. The steady-state expressions for these four cases are given in Table 1 . In case I (depicted in Fig. 1 ) E and R are activated by el and e2, respectively. Case II is like case I except effector e2 is an inhibitor rather than an Nevertheless, Fig. 6C shows that when the conditions assumed for the derivation of Eq. 4 are approximately fulfilled, essentially identical saturation curves are obtained with both Eq. 4 and the quartic equation. Therefore, the assumptions made to simplify the derivation of the equations shown in Table 1 do not invalidate their usefulness in analyzing the fundamental characteristics of monocyclic cascade systems. To the contrary, the highly complicated and almost unmanageable quartic expressions derived by a more rigorous treatment of the steadystate functions confirm in principle most predictions of the simplified expressions and show additionally that the monocyclic cascade is potentially more sensitive to effector stimuli and can achieve an even greater amplification and flexibility of these stimuli than is predicted by the simplified expressions.
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DISCUSSION
In the monocyclic cascade model described here, the covalent modification and demodification of an interconvertible enzyme is visualized as a dynamic process by means of which the specific activity of the enzyme is varied by shifting the steady-state equilibrium between active and inactive forms. This concept is more realistic and is certainly superior from the standpoint of regulation to earlier concepts in which interconvertible enzymes were considered to be "metabolic switches" which could be turned on or off in response to allosteric stimuli. The switch concept implies that the respective converter enzymes that catalyze the modification and demodification reactions are activated and inactivated, reciprocally, in an "all-or-none" manner. With the dynamic mechanism, however, activity of an interconvertible enzyme can vary smoothly, over a wide range, in response to changes in allosteric stimuli, and will become stabilized at a fixed level commensurate with the metabolic state of the cell.
Unlike the unidirectional cascades involved in blood clotting and complement fixation, where huge amplification leads to an explosive response to primary stimuli, the cyclic cascades can respond to fluctuations in the concentrations of many different metabolites, and are therefore more appropriately de Fig. 7 summarizes the results from several laboratories (11) (12) (13) showing that the highly specific kinase and the phosphoprotein phosphatase that catalyze the phosphorylation and dephosphorylation of pyruvate dehydrogenase, respectively, are subject to regulation by a large number of effectors, including K+, NH4+, Ca2+, pyruvate, acetyl-CoA, CoA, ADP, DPN, and DPNH. It is evident from Fig. 7 that three of the four mechanisms described in Table 1 (11) (12) (13) and of state of adenylylation in glutamine synthetase of E. coli (14, 15) . These results support our assumption that the covalent modification of interconvertible enzymes is a dynamic process and that the specific activity of such enzymes is a function of the steady-state equilibrium between modified and unmodified forms of the enzyme.
Though not considered in the steady-state analysis, it should be emphasized that each complete cycle in a cyclic cascade leads to decomposition of ATP to ADP and Pi (Fig. 1) . As noted previously, the role of ATP was disregarded in the present analysis because its concentration is maintained by metabolism at fairly constant levels that are several orders of magnitude greater than the concentrations of the interconvertible enzymes.
In earlier discussions, loss of ATP free energy associated. with continual unrestrained coupling of phosphorylation and dephosphorylation of an interconvertible enzyme was viewed as a wasteful process. Indeed, cyclic cascades were referred to as "futile cycles" (17) . The fact that energy could be conserved if continual cycling was prevented by all-or-none reciprocal controls of the opposing converter enzymes seemed reason enough for the notion that interconvertible enzymes function as on-off switches in the control of metabolism. As noted above, it seems more likely that enzyme interconversion is a dynamic process and as such it is endowed with a capacity for controlled amplification of effector stimuli unmatched by that obtained with discontinuous mechanisms of interconversions.
